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HIGHLIGHTS 


•  Sb  electrodes  formulated  with  CMC  or  PVdF  as  a  binder  cycled  versus  Li  and  Na. 

•  Outstanding  performances  of  antimony  electrode  vs  Na  when  it  is  prepared  with  CMC. 

•  Electrochemical  performances  related  to  the  XPS  study  of  SEI  composition/thickness. 

•  Thinner  passivation  film  formed  at  the  Sb  electrode  when  cycled  versus  Na. 

•  SEI  homogeneously  thick  on  the  Sb-CMC  electrode,  not  on  the  Sb-PVdF  electrode. 
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To  understand  the  origin  of  the  better  performance  of  Sb  electrode  i)  vs  Na  than  vs  Li  and  ii)  formulated 
with  CarboxyMethyl  Cellulose  (CMC)  in  water  rather  than  with  PolyVinylidene  diFluoride  (PVdF)  in  N- 
Methyl-2-Pyrrolidone  (NMP),  X-ray  Photoelectron  Spectroscopy  (XPS)  and  electrochemical  tests  have 
been  carried  out  to  carefully  investigate  the  chemical  composition  of  the  SEI  layer  formed  at  the  Sb 
electrode  surface  in  the  Li-  and  Na-system,  with  the  different  binders.  Sb  electrodes  were  cycled  using  a 
standard  EC/PC/3DMC  (1  M  LiPFg)  electrolyte  containing  Vinylene  Carbonate  (VC)  and  FluoroEthylene 
Carbonate  (FEC)  for  Li  system  and  a  standard  Propylene  Carbonate  PC  (1  M  NaClC^)  electrolyte  containing 
FEC  for  Na  system.  Surface  analysis  was  performed  by  a  combined  XPS  core  peaks  and  quantification  data 
analysis  to  establish  the  main  components  of  the  Solid  Electrolyte  Interphase  film  (SEI).  The  key 
observation  is  that  the  thickness  of  the  SEI  layer  is  strongly  related  to  the  nature  of  the  polymer  binder 
used  in  the  formulation  and  that  its  chemical  nature  is  different  in  Li  and  Na  batteries.  Much  favorable  SEI 
in  the  case  of  Sb-CMC/Na  seems  to  participate  to  the  excellent  performance  of  this  electrode. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Rechargeable  Li-ion  batteries  (LIBs)  have  been  widely  used  for 
various  portable  applications  due  to  their  high  energy  densities  1  ]. 
Recently,  sodium  (Na)-ion  batteries  (NIBs)  have  attracted  wide 
attention  as  an  alternative  to  Li-ion  batteries  (LIBs)  [2-7  ,  in 
particular  for  large-scale  energy  storage  applications  as 
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perspective.  Alloy-based  materials  usually  provided  much  higher 
gravimetric  and  volumetric  specific  capacities  compared  to  carbo¬ 
naceous  materials  for  LIBs  and  as  recently  demonstrated  for  NIBs  as 
well.  Although  high-capacity  alloying  anodes  have  undergone 
intensive  development  for  LIBs,  little  research  has  still  been  done 
for  alloy-based  anode  materials  for  NIBs.  For  LIBs,  the  difficulty  to 
stabilize  the  capacity  upon  long  cycling  of  alloy-based  materials  (Si, 
Sn,  etc.)  has  been  attributed  to  the  lithiation-/delithiation-induced 
volume  change.  Since  the  sodium  ion  possesses  a  larger  radius  than 
the  lithium  ion,  the  effect  of  volume  change  upon  sodiation/des- 
odiation  should  be  even  more  severe  for  the  application  of  alloy- 
based  materials  in  NIBs  [8  .  Thus,  the  development  of  stable 
alloy-based  anode  materials  for  NIBs  is  expected  to  be  more 
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challenging  than  for  LIBs  [8,9].  Despite  this  pessimistic  projection, 
few  alloy-based  materials  10-12],  SnSb  13-15],  Cii2Sb  [16,17], 
AlSb  18],  FeSb2  19]  and  as  well  as  metallic  Sb  or  Sn  oxides,  Sb204 
[20]  have  recently  shown  good  performance  for  NIBs  [12,15,21,22]. 
Among  them  antimony  (Sb)  appears  to  be  the  best  candidate,  since 
even  under  micrometric  powder  form  it  can  sustain  over  hundred 
cycles  against  Na  a  capacity  close  to  600  mAh  g-1  at  a  high  rate  with 
a  good  coulombic  efficiency  23]. 

In  LIBs,  the  cycling  performance  is  strongly  associated  to  the 
quality  of  the  SEI  layer,  which  has  been  shown  to  be  depended  on 
the  structural  change  of  the  active  material  during  cycling  [24-27]. 
The  latter  is  a  very  critical  point  in  the  case  of  conversion  reactions, 
which  are  interface  driven  and  go  through  the  continuous 
restructuration  of  the  electrode  material.  The  same  is  true  for  the 
alloying  reaction,  for  which  the  electrochemical  grinding  produces 
a  new  exposed  surface  that  might  negatively  interact  with  the 
electrolyte  [23]. 

In  NIBS,  the  higher  value  of  the  Na+/Na  potential  compared  to 
Li+/Li  is  expected  to  reduce  electrolyte  degradation  at  the  surface  of 
the  electrode  material.  Up  to  now,  there  have  been  limited  funda¬ 
mental  explorations  on  the  formation  of  the  SEI  layer  for  Na+ 
storage  materials  [4,21,28].  Since  the  formation  of  SEI  layer  plays  a 
crucial  role  in  the  cycling  ability  of  the  electrode,  it  is  very  impor¬ 
tant  to  understand  the  mechanism  which  leads  to  its  formation  as 
well  as  the  composition  of  this  layer. 

Moreover  in  LIBs  and  in  NIBs,  the  electrode  formulation  and  the 
choice  of  the  associated  binder  are  critical  for  the  conductivity 
properties  enhancement  and  further  performances. 

The  most  used  polymers  during  the  last  few  years  are  a  com¬ 
bination  of  PolyVinylidene  Fluoride  (PVdF)  and  N-Methyl- 
Pyrrolidone  (NMP)  as  solvent  or  a  combination  of  CarboxyMethyl 
Cellulose  (CMC)  in  water  as  solvent.  It  has  been  reported  that  the 
good  electrochemical  performance  of  metalloids  (Sb,  P...)  based 
negative  electrode  material  in  Li-ion  batteries  are  correlated  with 
the  formulation  with  the  carboxymethyl  cellulose  binder  [29,30]. 

To  understand  the  reason  of  the  best  performance  of  Sb  elec¬ 
trode  against  Na  than  against  Li  and  with  CMC  rather  than  with 
PVdF  as  binder  we  have  decided  to  explore  the  SEI  in  these  different 
cases.  In  this  study,  X-ray  Photoelectron  Spectroscopy  (XPS)  and 
electrochemical  tests  were  carried  out  to  carefully  investigate  the 
chemical  composition  of  the  SEI  layer  formed  at  the  Sb  electrode 
surface  in  the  Li-  and  Na-system  with  two  different  binders,  CMC 
and  PVdF. 


The  electrochemical  tests  vs  Na  or  Li  were  performed  against  a 
counter-electrode  of  the  corresponding  pure  metal,  using  either 
1  M  NaC104  in  PC:  5%  FEC  or  1  M  LiPF6  in  EC:PC:3DMC:1%  VC 
(vinylene  carbonate)  and  5%  FEC  (FluoroEthylene  Carbonate),  as  the 
electrolyte,  respectively.  Whatman  glass-fiber  was  used  as  sepa¬ 
rator.  All  tests  were  carried  out  at  room  temperature  (25  °C)  using  a 
multichannel  VMP  system  under  galvanostatic  mode  from  0.02  to 
1.5  V  vs  Li+/Li  or  vs  Na+/Na  at  C/2  rate  (i.e.  0.5  Li  or  Na  in  one  hour). 

For  XPS  analysis,  the  electrodes  were  recovered  from  the  coin 
cell,  washed  with  pure  DMC  and  dried  under  vacuum. 

2.2.  XPS 

XPS  measurements  were  carried  out  with  a  Thermo  Scientific  K- 
Alpha  X-ray  photoelectron  spectrometer,  using  a  focused  mono- 
chromatized  Al  Ka  radiation  ( hv  =  1486.6  eV).  The  XPS  spectrometer 
was  directly  connected  through  a  glove  box  under  argon  atmo¬ 
sphere,  in  order  to  avoid  moisture/air  exposure  of  the  samples.  For 
the  Ag  3d5/2  line  the  full  width  at  half-maximum  (FWHM)  was 
0.50  eV  under  the  recording  conditions.  The  X-ray  spot  size  was 
400  pm.  Peaks  were  recorded  with  constant  pass  energy  of  20  eV. 
The  pressure  in  the  analysis  chamber  was  less  than  2  x  10-7  Pa. 
Short  acquisition  time  spectra  were  recorded  at  the  beginning  and 
at  the  end  of  each  experiment  to  check  that  the  samples  did  not 
suffer  from  degradation  during  the  measurements.  Peak  assign¬ 
ments  were  made  with  respect  to  reference  compounds  analyzed  in 
the  same  conditions.  The  binding  energy  scale  was  calibrated  from 
the  hydrocarbon  contamination  using  the  C  Is  peak  at  285.0  eV. 
Core  peaks  were  analyzed  using  a  nonlinear  Shirley-type  back¬ 
ground  [31].  The  peak  positions  and  areas  were  optimized  by  a 
weighted  least-squares  fitting  method  using  70%  Gaussian,  30% 
Lorentzian  line  shapes.  Quantification  was  performed  on  the  basis  of 
Scofield's  relative  sensitivity  factors  [32].  Sb  electrodes  were  thor¬ 
oughly  rinsed  with  pure  DMC  and  dried  before  XPS  measurements; 
it  is  assumed  that  there  was  no  trace  of  LiPF6  or  NaC104  salt  and 
solvents  left  at  the  electrode  surface  during  these  measurements. 
For  each  electrode  sample,  several  XPS  analyses  were  performed  at 
different  positions  to  make  the  results  statistically  reliable. 

3.  Electrochemical  properties  of  Sb  electrode 

Fig.  1  shows  the  galvanostatic  curve  of  Sb  electrode  cycled 
versus  lithium  and  sodium  at  C/2  rate  (0.5  mol  of  Na  or  Li  per 


2.  Experimental  details 

2.1.  Preparation  of  the  electrodes  and  electrochemical 
characterization 

The  electrochemical  performances  of  Sb  as  negative  electrode 
materials  were  examined  in  a  standard  coin  cells  assembled  in  an 
argon-filled  glove  box.  The  micrometric  powder  of  antimony  used 
in  this  study  was  provided  by  Alfa-Aesar  (99.5%  purity,  -325  mesh), 
and  has  been  used  without  any  additional  treatment. 

Electrode  formulation  was  made  using  a  mixture  of  carbon  black 
and  vapor  ground  carbon  fibers  (VGCF-S)  as  conductive  additive, 
and  carboxymethyl  cellulose  (CMC)  (DS  =  0.7,  Mw  =  250,000 
Aldrich)  for  the  formulation  in  water  and  polyvinylidene  fluoride 
(PVDF)  for  the  formulation  in  N-Methyl-2-pyrrolidone  (NMP),  as 
the  binder.  A  slurry  containing  70  wt.%  active  material,  12  wt.% 
binder  and  18  wt.%  conductive  additive  was  homogeneously  mixed 
by  a  planetary  ball-milling  for  1  h,  tape  casted  on  a  150  pm  thick 
copper  foil,  dried  at  room  temperature  for  12  h  and  finally  at  100  °C 
under  vacuum  for  another  2  h.  The  final  mass  loading  of  active 
material  on  the  electrode  was  2  mg  cm-2. 
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Fig.  1.  Composition-voltage  profile  for  Sb-CMC/Li  (left,  top),  Sb-PVdF/Li  (left,  bottom), 
Sb-CMC/Na  (right,  top)  and  Sb-PVdF/Na  (right,  bottom)  cells  cycled  at  C/2  rate  between 
1.5  and  0.02  V. 
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mole  of  Sb  per  hour,  respectively)  using  CMC  or  PVdF  as  binder.  In 
both  case,  the  first  lithiation  or  sodiation  occurs  on  a  single 
plateau  at  0.81  V  vs  Li+/Li  and  0.45  V  vs  Na+/Na.  In  our  previous 
work  [23],  we  have  shown  that,  in  the  case  of  lithium  with  CMC 
formulation  (Fig.  la),  a  slight  tail  is  visible  when  the  potential  gets 
close  to  0  V  at  the  end  of  the  first  insertion,  probably  representing 
the  decomposition  of  the  electrolyte  at  the  electrode  surface  ac¬ 
cording  to  the  number  of  inserted  Li  ions  compared  to  the 
theoretical  value  of  3  (corresponding  to  the  formation  of  Li3Sb). 
This  phenomenon  is  less  pronounced  when  using  PVdF  as  binder 
(Fig.  lc),  which  can  be  explained  by  the  fact  that  there  is  less  SEI 
formation  in  agreement  with  the  number  of  inserted  Li  ions 
which  is  close  to  3.  Differently  from  the  case  of  Li,  with  CMC 
formulation,  no  tail  close  to  0  V  vs  Na+/Na  is  observed  at  the  end 
of  the  first  discharge,  suggesting  that  at  this  working  potential  the 
electrolyte  is  less  sensitive  to  decomposition  than  in  the  case  of  Li 
(Fig.  lb). 

As  we  can  see  from  the  voltage  profile,  a  poor  reversibility  is 
observed  when  using  PVdF  as  binder  in  both  cases  and  an  increase 
in  polarization  is  clearly  identified  (  'able  1),  in  the  case  of  sodium. 

Table  1  shows  the  polarization  and  the  irreversible  at  the  first 
cycle  for  the  four  systems  studied.  In  the  case  of  lithium,  the  po¬ 
larization  is  quite  similar  for  CMC  and  PVdF.  The  difference  is  much 
more  pronounced  when  cycling  versus  sodium  with  a  value  of 
0.51  V  and  0.25  V  for  PVdF  and  CMC,  respectively.  The  irreversible 
capacity  at  the  first  cycle  is  also  comparable  for  CMC  and  PVdF 
formulation  when  cycling  versus  lithium,  which  is  not  the  case  with 
sodium:  the  irreversible  capacity  of  the  PVdF  formulation  (43%)  is 
twice  the  value  (22%)  of  the  CMC  formulation. 

Globally,  the  number  of  inserted  ions  is  very  close  to  the  theo¬ 
retical  value  of  3,  corresponding  to  the  formation  of  Na3Sb  in  the 
case  of  sodium  (with  the  CMC  formulation).  In  the  case  of  Li,  the 
number  of  lithium  ions  inserted  slightly  exceeds  3,  indicating  that 
additional  Li  consumption  occurs,  most  probably  by  parasitic 
electrolyte  decomposition  reactions.  Moreover,  antimony  electrode 
formulated  with  the  CMC  as  binder  presents  better  performance 
than  the  electrode  formulated  with  the  PVdF,  for  Li+  and  Na+  as 
well. 

Fig.  2  shows  the  charge  capacity  and  the  cumulative  losses 
plotted  versus  the  cycle  number  with  the  electrode  formulated 
with  the  CMC  as  binder.  As  discussed  in  our  previous  work,  anti¬ 
mony  presents  a  better  electrochemical  performance  cycled  versus 
sodium  than  that  observed  versus  lithium.  A  sustainable  capacity  of 
560  mAh  g-1  for  100  cycles  is  observed  when  cycled  with  Na+  while 
in  the  case  of  Li+,  a  gradual  drop  is  observed.  If  we  take  a  look  at  the 
cumulative  losses,  we  noticed  a  remarkable  difference  between  the 
two  systems.  In  the  case  of  Na,  a  linear  increase  is  clearly  identified 
during  cycling  which  is  not  the  case  with  Li,  where  a  strong  increase 
in  the  cumulative  losses  is  observed  during  the  first  ten  cycles, 
followed  by  a  linear  increase  in  the  next  cycles. 

To  better  understand  the  effect  of  the  SEI  layer  on  the  electro¬ 
chemical  performance  of  these  electrodes,  XPS  analyses  were  per¬ 
formed  in  order  to  identify  the  composition  and  the  thickness  of 
this  layer. 


Table  1 

Polarization  (volts)  and  Irreversible  capacity  at  the  1st  cycle  for  the  4  cells  studied. 


Formulation 

Polarization  (V) 

Irreversible  1  st  cycle 

CMC_Li 

0.16 

30% 

CMCJMa 

0.25 

22% 

PVdF_Li 

0.18 

34% 

PVdF_Na 

0.51 

43% 

a  Difference  between  the  potential  at  the  half  of  the  (n  +  1)  charge  and  the  po¬ 
tential  at  the  half  of  the  (n)  discharge. 
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Fig.  2.  Charge  capacity  and  cumulative  losses  plotted  versus  the  cycle  number  for  Sb- 
CMC  electrode  vs  Li  (□)  and  vs  Na  ( ▼ ). 


4.  Surface  analysis  results 

4.2.  Sb-PVdF  and  Sb-CMC  reference  electrodes 

Sb  3d  and  Ols  XPS  core  peaks  of  antimony  powder  and  of  fresh 
electrodes  made  of  antimony,  carbonaceous  additives  and  of  CMC 
or  PVdF  binder  are  presented  in  Fig.  3.  Because  of  the  overlapping  of 
Sb  3d  and  Ols  core  peaks,  Sb  3d  spectrum  is  fitted  according  to  area 
and  energy  splitting  (9  eV)  constraints  between  3ds/2  and  3d3/2 
components.  Two  main  components  are  clearly  detected  in  the 
three  spectra;  they  are  identified  by  two  peaks  at  528.5  (3ds/2)  and 
537.5  eV  (3d3/2)  for  metallic  Sb  and  531  (3d5/2)  and  540  eV  (3d3/2) 
for  Sb203.  The  strong  presence  of  antimony  oxide  is  probably  due  to 
the  oxidation  of  the  Sb  particle  surface. 

The  component  at  530.5  eV  is  attributed  to  the  Sb203  oxide  in 
the  Ols  core  peak. 

Table  2  reports  (in  its  first  columns)  the  atomic  percentages  of 
antimony  and  oxygen  attributed  to  Sb°  and  Sb203  and  of  carbon 
attributed  to  the  carbonaceous  additives  measured  by  XPS.  The 


01s/Sb3d 


Sb203  (3d5/2) 


545  540  535  530  525 


Sb  powder 


Sb-CMC  electrode 


Sb-PVdF  electrode 


Binding  energy  (eV) 

Fig.  3.  The  XPS  Ols  and  Sb  3d  core  peaks  spectra  of  antimony  powder  and  of  the 
reference  electrodes  formulated  with  antimony  and  CMC  or  PVdF  binder. 
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Table  2 

XPS  atomic  percentages  of  antimony  and  oxygen  attributed  to  the  active  material,  of  carbon  from  the  carbonaceous  additives  and  of  a)  fluorine  and  carbon  attributed  to  the 
PVdF  binder  for  the  PVdF-based  electrode,  b)  Na  from  the  CMC  binder  for  the  CMC-based  electrode,  at  different  stages  of  discharge  (1/2D1,  2/3D1  and  Dl)  and  charge  (Cl) 
during  cycling  versus  lithium.  B.E.  stands  for  “binding  energy”  (eV). 


a) 


Fresh  Sb-PVdF 


1/2D1  Sb-PVdF  vs  Li 


2/3D1  Sb-PVdF  vs  Li 


Dl  Sb-PVdF  vs  Li 


Cl  Sb-PVdF  vs  Li 


B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  %  B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

Sb° 

Sb3d 

528.7-537.7 

<0.1 

— 

— 

— 

— 

— 

— 

— 

— 

Sb203 

Sb  3d 

531-540 

0.5 

— 

— 

— 

— 

— 

— 

— 

— 

0  Is 

530.5 

1.6 

9  1 

— 

— 

— 

— 

— 

— 

— 

— 

PVdF 

C  Is 

290.9 

z.  1 

4.8 

290.8 

2.4 

290.9 

3 

291.3 

1.8 

291.3 

2 

F  Is 

687.7 

5.1 

688.1 

3.8 

688.2 

4.1 

688.4 

2.9 

688.4 

3.4 

Carbonaceous  additive 

C  Is 

284.5 

43.4 

— 

— 

— 

— 

— 

— 

— 

— 

b) 

Fresh  Sb-CMC 

1/2D1  Sb-CMC  vs  Li 

2/3D1  Sb-CMC  vs  Li 

Dl  Sb-CMC  vs  Li 

Cl  Sb-CMC  vs  Li 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

Sb° 

Sb3d 

528.3-537.3 

0.2 

— 

— 

— 

— 

— 

— 

528.3-537.3 

0.05 

Sb203 

Sb  3d 

530.7-539.7 

1.7 

— 

— 

— 

— 

— 

— 

— 

— 

0  Is 

530.1 

6 

— 

— 

— 

— 

— 

— 

— 

— 

Na  (from  CMC-Na) 

Na  Is 

1071.8 

/./ 

6.2 

1072.1 

0.1 

— 

— 

— 

— 

1072.2 

0.2 

Carbonaceous  additive 

C  Is 

284.3 

28.3 

— 

— 

— 

— 

— 

— 

284.0 

5.2 

atomic  percentages  of  carbon  and  fluorine  attributed  to  the  PVdF 

performed  on 

fresh  electrodes  cycled  at 

different  stages  of 

binder  (  able  2a)  and  of  sodium  from  the  CMC  binder  (Table  2b)  are 

discharge  and  charge.  Several  XPS  core  peaks  and  valence  bands 

also  reported. 

spectra  are  presented  in  the  following  results. 

The  characteristic  peaks  of  the  oxide  and  of  metallic  antimony 

Tables  2  and  3  also  summarize  the  XPS  results:  Table  2a  re- 

are  observed  in  the  same  relative  proportions  in  the  CMC-based 
and  in  the  PVdF-based  antimony  electrodes.  The  main  difference 
between  the  two  spectra  lies  in  the  Ols  core  peak,  where  the  two 
characteristic  components  of  the  CMC  binder  are  observed:  at 
533  eV  (C-O-C)  and  531.6  eV  (0-C=0)  [33]. 

4.2.  Nature  and  thickness  of  the  passivation  layer  of  the  Sb 
electrode  vs  Li 

The  chemical  nature  of  the  passivation  layer  can  be  studied  by  X- 
ray  Photoelectron  Spectroscopy  (XPS)  which  offers  a  global  view  of 
the  surface  layer  with  a  5  nm  thickness.  The  analyses  were  directly 


ports  the  atomic  percentages  of  all  the  component  of  the  refer¬ 
ence  electrode  (active  material,  PVdF  binder  and  carbonaceous 
additives),  and  the  atomic  percentages  of  these  components 
detected  at  different  stages  of  discharge  and  charge  when  cycling 
versus  lithium.  The  evolution  of  these  percentages  is  a  reliable 
indicator  of  the  electrode  covering  by  the  passivation  layer. 
Table  2b  reports  the  equivalent  data  concerning  the  Sb-CMC 
based  electrode  cycled  versus  lithium,  and  Table  3  for  cycling 
versus  sodium. 

The  atomic  percentages  of  all  the  species  forming  the  SEI 
detected  by  XPS,  for  cycling  versus  Li  and  versus  Na,  are  reported  in 
quantification  tables  in  supplementary  information. 


Table  3 

XPS  atomic  percentages  of  antimony  and  oxygen  attributed  to  the  active  material,  of  carbon  from  the  carbonaceous  additives  and  of  a)  fluorine  and  carbon  attributed  to  the 
PVdF  binder  for  the  PVdF-based  electrode,  b)  Na  for  the  CMC-based  electrode,  at  different  stages  of  discharge  (1/2D1,  2/3D1  and  Dl)  and  charge  (Cl)  during  cycling  versus 
sodium.  B.E.  stands  for  “binding  energy”  (eV). 


a) 


Fresh  Sb-PVdF 

1/2D1  Sb-PVdF  vs  Na 

2/3D1  Sb-PVdF  vs  Na 

Dl  Sb-PVdF  vs  Na 

Cl  Sb-PVdF  vs  Na 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

Sb 

Sb3d 

528.7-537.7 

<0.1 

— 

— 

— 

— 

— 

— 

— 

— 

Sb203 

Sb  3d 

531-540 

0.5 

— 

— 

— 

— 

— 

— 

— 

— 

0  Is 

530.5 

1.6 

9  1 

— 

— 

— 

— 

— 

— 

— 

— 

PVdF 

C  Is 

290.9 

A.  1 

4.8 

290.7 

0.8 

290.5 

3.6 

290.6 

3.8 

290.8 

1.6 

F  Is 

687.7 

5.1 

688.0 

3.4 

687.9 

3.5 

687.9 

4 

687.8 

3.9 

Carbonaceous  additive 

C  Is 

284.8 

43.4 

284.0 

10.2 

— 

— 

— 

— 

— 

— 

b) 

Fresh  Sb-CMC 

1/2D1  Sb-CMC  vs  Na 

2/3D1  Sb-CMC  vs  Na 

Dl  Sb-CMC  vs  Na 

Cl  Sb-CMC  vs  Na 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

B.E.  (eV) 

At.  % 

Sb° 

Sb  3d 

528.3-537.3 

0.2 

— 

— 

— 

528.1-537.1 

0.7 

Sb203 

Sb  3d 

530.7-539.7 

1.7 

— 

— 

— 

— 

— 

— 

530.4-539.4 

0.5 

0  Is 

530.1 

6 

— 

— 

— 

— 

— 

— 

530.0 

1.9 

7.7 

— 

— 

— 

— 

— 

— 

2.4 

Na  (total) 

Na  Is 

1071.8 

6.2 

35.2 

25.3 

46.3 

19.2 

Carbonaceous  additive 

C  Is 

284.3 

28.3 

283.8 

2.4 

283.6 

1 

283.3 

0.3 

283.8 

18.8 
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4.2.1.  Sb-PVdF  electrode  cycled  versus  Li 

Sb  3d/0  Is  and  C  Is  core  peaks  are  presented  in  Fig.  4.  As  noted 
previously,  two  components  are  clearly  detected  in  the  Sb-PVdF 
reference  electrode:  metallic  Sb  (528.5-537.5  eV)  and  Sb203 
(531-540  eV).  At  the  half  of  the  first  discharge,  the  peaks  corre¬ 
sponding  to  metallic  and  oxidized  Sb  are  no  more  detected  neither 
at  the  end  of  the  discharge,  nor  at  the  end  of  the  first  charge.  This 
result  indicates  that  the  SEI  layer  formed  on  the  active  material  is 
thicker  than  5  nm,  which  is  the  depth  limit  of  the  XPS  analysis.  The 
C  Is  spectrum  of  the  reference  electrode  (Fig.  4b)  displays  an 
intense  peak  at  284.5  eV  corresponding  to  the  carbonaceous  ad¬ 
ditives.  This  component  is  no  longer  detected  on  the  cycled  elec¬ 
trode,  indicating  that  the  carbonaceous  additives  are  also  covered 
by  a  passivation  layer  thicker  than  5  nm.  A  small  peak  displayed  at 
291  eV  is  observed,  which  is  characteristic  of  the  CF2-CH2  envi¬ 
ronment  in  the  PVdF  binder.  The  peak  assigned  to  the  carbon  atom 
in  CH2-CF2  is  observed  at  286.4  eV  34].  The  component  at  291  eV 
is  detected  on  the  C  1  core  peaks  of  all  the  cycled  electrodes  (dis¬ 
charged  and  charged):  the  decomposition  products  of  the  electro¬ 
lyte  do  not  seem  to  form  a  thick  SEI  on  the  PVdF  binder,  but  only  on 
the  active  material  and  the  conductive  additives. 

The  XPS  FIs  core  peaks  (Fig.  5)  also  show  that  the  PVdF  binder 
(at  687.7  eV)  is  detected  all  over  the  discharge  and  also  at  the  end  of 
the  charge.  This  observation  confirms  that  the  passivation  layer 
does  not  homogeneously  cover  the  active  material  and  the  binder. 
The  XPS  C  1  s  core  peaks  spectra  of  the  electrode  formulated  with 
PVdF  binder  presented  in  Fig.  4  also  provide  valuable  information 
regarding  the  SEI  nature.  The  component  with  a  binding  energy  of 
285.0  eV  in  C  Is  spectra  is  assigned  to  CHX  environment,  which  is 
attributed  to  hydrocarbon  contamination  (always  detected  at  the 
extreme  surface)  and  to  carbon  atoms  of  organic  species  bound  to 
carbon  or  hydrogen  atoms  only.  The  component  observed  at 
286.5  eV  can  be  assigned  to  carbon  atoms  bound  to  one  oxygen 
atom  (C-O),  while  the  component  at  289.0  eV  corresponds  to 
carbon  atoms  bound  to  two  oxygen  atoms  (0=C— O)  [35  .  The 
component  observed  at  290.2  eV  is  characteristic  of  carbon  bound 
to  three  oxygen  atoms,  which  is  typical  of  carbonate-like  species 
(-CO3)  that  could  be  Li2C03  or  lithium  alkyl  carbonates  ROCC^Li 
[36,37].  An  increase  of  the  relative  intensity  of  the  component 
associated  with  carbon  atoms  in  C-0  bonds  is  observed  all  over  the 
discharge.  These  ether  groups  may  be  attributed  to  PEO,  which  is 


classically  formed  in  the  SEI  when  cycling  with  an  EC-based  elec¬ 
trolyte  [38]. 

The  FIs  core  peaks  of  cycled  electrodes  are  characterized  by 
three  main  components  at  685.2,  686.5  and  688  eV,  which  can  be 
assigned  to  LiF,  LiPF6  and  PVdF,  respectively.  The  P  2p  core  peaks 
also  shown  on  Fig.  5  have  been  fitted  by  considering  two  resolved 
doublets  (with  a  spin-orbit  splitting  of  0.9  eV  between  2p3/2  and 
2pi/2).  They  are  characterized  by  a  broad  peak  consisting  of  three 
main  components  at  134.2,  136  and  138  eV  which  corresponds  to 
phosphates,  fluorophosphates  and  LiPF6,  respectively  [39]. 

From  the  beginning  of  the  reaction  of  Sb  with  lithium  and  until 
the  end  of  the  first  discharge,  the  composition  of  the  SEI  remains 
stable:  it  is  mainly  formed  of  carbonates  (from  the  decomposition 
of  the  solvent  of  the  electrolyte),  LiPF6,  LiF,  and  fluorophosphates 
(from  the  decomposition  of  the  electrolyte  salt).  During  the  charge, 
the  amount  of  LiF  decreases  from  8  to  3%  which  can  be  explained  by 
a  partial  dissolution  of  the  SEI  layer,  leading  to  a  better  detection  of 
C-0  components  (see  Table  1  in  supplementary  data). 

4.2.2.  Is  the  SEI  layer  of  the  Sb  electrode  vs  Li  formulated  with  the 
CMC  binder  in  water  is  similar  to  that  with  the  PVdF  binder  in  NMP ? 

To  answer  this  question,  we  performed  the  same  XPS  analysis 
done  on  the  previous  system  on  the  Sb  electrode  formulated  with 
CMC. 

Fig.  6  shows  the  XPS  C  Is,  O  ls/Sb  3d  core  peaks  of  the  Sb 
reference  electrode,  of  the  electrode  during  discharge  and  at  the 
end  of  the  charge. 

The  XPS  Ols  and  Sb  3d  spectra  shown  in  Fig.  6a  reveal  that,  like 
in  the  case  of  PVdF,  the  Sb  active  material  is  covered  from  the 
middle  of  the  first  discharge  until  the  end  of  the  discharge,  indi¬ 
cating  the  formation  of  a  thick  SEI  layer  (more  than  5  nm).  However, 
the  active  material  is  detected  again  at  the  end  of  charge,  which  is 
the  consequence  of  a  partial  dissolution  of  the  SEI.  However,  it 
should  be  noted  that  only  Sb°  is  observed,  whereas  it  was  mostly 
Sb203  on  the  starting  electrode. 

Table  2b  shows  the  atomic  percentage  of  Na  detected  at  the 
surface  of  the  fresh  electrode  Sb/CMC  and  of  the  cycled  electrode  by 
XPS.  The  presence  of  Na  results  from  the  use  of  the  CMC  binder  and 
is  a  good  probe  to  estimate  its  covering  along  cycling:  the  atomic 
percentage  of  Na  decreases  from  6.2%  (on  the  fresh  electrode)  to 
0.1%  on  the  1/2D1  sample,  indicating  that  the  binder  is  almost 


a) 


01s/Sb3d 


Sb-PVdF  electrode 


y2  D1  -Sb-PVdF  vs  Li 


2/3  D1  -  Sb-PVdF  vs  Li 


D1  -  Sb-PVdF  vs  Li 


Cl  -  Sb-PVdF  vs  Li 


b) 


CIs 


C-C,  C-H 

C-O  11  Carbonaceous 
PVdF  (CF2)  COC3°^/  l  additive 

- —A. -  Sb-PVdF  electrode 


Fig.  4.  a)  The  XPS  Ols  and  Sb  3d  core  peaks  and  b)  C  Is  core  peaks  spectra  of  the  Sb-PVdF  electrode  at  different  stages  of  the  first  cycle  vs  Li  (1/2D1,  2/3D1,  D1  and  Cl).  The  spectra 
of  the  reference  electrode  are  also  presented. 
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a) 


FIs 


b) 


P2p 


P  - c)  F  LiPF6/fluorophosphates 


LiPF6 

Fluorophosphates 


Phosphates 


Binding  energy  (eV) 


V2  D1  -Sb-PVdF  vs  Li 


2/3  D1  -  Sb-PVdF  vs  Li 


D1  -  Sb-PVdF  vs  Li 


Cl  -  Sb-PVdF  vs  Li 


Fig.  5.  a)  The  XPS  FIs  core  peaks  and  b)  P  2p  core  peaks  spectra  of  the  Sb-PVdF  electrode  at  different  stages  of  the  first  cycle  vs  Li  (1/2D1,  2/3D1,  D1  and  Cl).  The  spectrum  of  the 
reference  electrode  is  also  presented. 


completely  covered  by  the  passivation  layer  at  this  stage  of 
discharge.  It  is  no  longer  observed  on  2/3D1  and  D1  samples.  It  is 
detected  again  (in  small  amount)  at  the  end  of  the  charge,  similarly 
to  the  active  material.  Fig.  6b  displays  the  valence  band  of  each 
electrode  during  cycling,  mostly  corresponding  to  the  ionization  of 
Na  2p  and  Sb  4d  orbitals.  The  Na  2p  component,  corresponding  to 
the  CMC  binder,  decreases  during  the  discharge,  indicating  a  pro¬ 
gressive  overlap  of  the  binder  by  the  SEI  layer.  However,  the  Sb 
active  material  is  no  longer  detected  from  the  half  of  the  first 
discharge.  At  the  end  of  the  first  charge,  the  Sb  active  material  and 
the  Na  2p  peak  of  the  binder  are  detected  again  which  confirms  the 
partial  dissolution  of  the  SEI.  It  should  be  noticed  that  in  this  range 
of  binding  energy,  we  probe  the  material  with  a  slightly  greater 
depth  than  during  Na  Is,  O  Is  and  Sb  3d  core  peaks  analysis, 
because  the  kinetic  energy  of  the  electrons  of  the  valence  band  is 
greater. 

At  the  middle  of  the  discharge,  at  the  2/3  and  at  the  end  of  the 
discharge,  the  O  ls/Sb  3d  spectra  are  mainly  consisting  of  two 
components,  namely  LiOH  and  L^O  (between  50  and  60%  -  see 
Table  2  in  supplementary  data).  These  latter  are  present  before  the 


XPS  analysis,  probably  because  of  the  electrode  formulation  in 
water.  Several  tests  are  done  at  the  beginning  and  the  end  of  the 
analysis,  in  order  to  identify  if  the  L^O  species  is  one  of  the  SEI 
components  or  if  it  is  a  degradation  product  of  LiOH  under  the  X- 
ray  beam.  No  change  was  observed  before  and  after  analysis  in  each 
electrode  which  confirms  that  the  L^O  species  is  one  of  the  SEI 
major  components. 

The  XPS  C  Is  core  peak  spectra  show  mainly  C-C  and  C-H 
environments,  with  a  small  amount  of  C-0  for  1/2D1,  2/3D1  and 
end  of  the  D1  samples,  and  with  no  trace  of  -CO3  and  -CO2  en¬ 
vironments.  These  latter  appear  at  the  end  of  the  charge,  probably 
because  of  the  dissolution  of  L^O/LiOH  species  during  the  charge: 
their  amount  drops  down  to  15%  at  the  surface  of  the  electrode  at 
the  end  of  the  charge.  Few  or  no  fluorinated  species  are  present  in 
the  case  of  Sb  electrode  formulated  with  CMC.  Only  LiF  (16%)  is 
detected  at  the  end  of  the  charge.  The  composition  of  the  SEI  layer 
is  clearly  different  than  that  of  the  previous  system. 

To  summarize,  concerning  the  nature  of  the  SEI  layer  formed,  in 
the  case  of  Sb-PVdF  system,  a  classical  chemical  composition  is 
observed  considering  the  electrolyte  used  (solvent  EC,  PC  and  DMC 


01s/Sb3d 

b) 

Valence  band  -  Sb  4d,  Na  2p 

c) 

C  Is 

Binding  energy  (eV) 


Sb-CMC  electrode 


V2  D1  -Sb-CMC  vs  Li 


2/3  D1  -  Sb-CMC  vs  Li 


D1  -  Sb-CMC  vs  Li 


Cl  -  Sb-CMC  vs  Li 


Fig.  6.  a)  The  XPS  Ols  and  Sb  3d  core  peaks  spectra,  b)  The  valence  band  and  c)  C  Is  core  peaks  spectra  of  the  Sb-CMC  electrode  at  different  stages  of  the  first  cycle  vs  Li  (1/2D1,  2/ 
3D1,  D1  and  Cl).  The  spectra  of  the  Sb  reference  electrode  are  also  presented. 
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and  LiPF6  lithium  salt),  since  the  degradation  products  detected  are 
those  of  solvents  (-CO,  — CO2,  -CO3  environments),  and  those  of  the 
LiPF6  salt  (LiF,  fluorophosphates  and  phosphates).  Although  the 
active  material  is  not  detected  at  the  end  of  the  charge,  the  decrease 
of  the  content  of  LiF  and  of  species  with  a  C-0  bond  allows 
considering  a  slight  dissolution  of  the  SEI.  In  the  case  of  electrodes 
made  with  the  binder  CMC,  most  of  the  species  mentioned  above 
are  not  detected  by  XPS  during  the  discharge.  Only  C-C,  C-H  and 
C-0  environments  in  small  proportion  and  few  fluorinated  and/or 
no  phosphorus  species  were  observed.  The  main  compounds 
detected  by  XPS  in  the  discharge  are  LiOH  and  L^O.  Their  presence  is 
probably  due  to  the  use  of  water  in  the  formulation  of  the  electrodes 
with  the  CMC  binder.  These  species  are  detected  in  much  lower 
amounts  at  the  end  of  the  charge,  in  favor  of  carbon  species  and  LiF. 

Concerning  the  thickness  and  the  morphology  of  the  SEI  layer,  in 
the  case  of  PVdF,  the  active  material  (Sb)  is  no  longer  detected  from 
the  half  of  the  first  discharge  and  is  not  re-detected  at  the  end  of  the 
charge:  on  all  the  analyzed  samples,  the  SEI  covers  the  active  ma¬ 
terial  with  a  thickness  greater  than  the  depth  of  analysis  of  XPS 
(about  5  nm).  However  the  increase  of  the  amount  of  LiF  after 
charging  allows  considering  a  slight  dissolution  of  at  least  a  portion 
of  species  of  the  passivation  layer.  The  observation  of  C  Is  and  FIs 
core  peaks  also  indicates  that  the  PVdF  binder  is  detected 
throughout  the  discharge  and  at  the  end  of  the  charge,  and  thus 
does  not  seem  covered  by  the  SEI,  which  appears  to  be  preferen¬ 
tially  formed  on  the  active  material. 

In  the  case  of  CMC  binder,  as  in  the  case  of  PVdF,  antimony  is 
covered  from  the  half  of  the  first  discharge.  The  analysis  of  Na  Is 
and  Na  2p  core  peaks  indicates  a  progressive  covering  of  the  binder 
by  the  passivation  layer  during  the  discharge.  Unlike  the  previous 
system,  the  dissolution  of  the  SEI  during  the  charge  (probably  of 
LiOH/L^O  species)  allows  the  detection  of  the  active  material  and  of 
the  binder  after  charging.  The  thickness  of  the  SEI  is  then  less  than 
5  nm.  It  appears  to  cover  the  surface  of  the  electrode  more  ho¬ 
mogeneously  than  the  passivation  layer  formed  at  the  Sb-PVdF 
electrode's  surface. 

4.3.  Nature  and  thickness  of  the  passivation  layer  of  the  Sb 
electrode  cycled  vs  Na 

The  analyses  were  performed  on  the  same  fresh  electrodes  than 
vs  Li,  cycled  at  the  same  stages  of  discharge  and  charge  which  allow 
the  comparison  of  electrode/electrolyte  interfaces.  The  electrolyte 


used  in  the  case  of  cycling  vs  Na  was  NaCICH  (sodium  salt)  in  PC 
(solvent)  with  5%  FEC  (as  additive). 

4.3.1.  Sb-PVdF  vs  Na 

On  Fig.  7a  (O  ls/Sb  3d),  upon  the  half  of  the  first  discharge  (1/ 
2D1),  the  antimony  is  not  detected.  It  should  be  noted  that  during 
cycling  vs  sodium,  two  Na  Auger  transition  peaks  appear  at  536  and 
523  eV. 

However,  in  the  C  Is  core  peak  of  the  same  sample  (Fig.  7b),  the 
component  located  at  284.3  eV,  characteristic  of  the  carbonaceous 
additives,  is  still  detected.  The  peaks  corresponding  to  the  PVdF 
binder,  located  at  291  (C  Is)  and  688  eV  (F  Is),  are  observed  all  over 
the  first  cycle.  This  observation  suggests  that  the  passivation  layer 
formed  is  discontinuous  and  covers  preferentially  the  active  ma¬ 
terial  and  the  carbon  additive  at  the  expense  of  the  PVdF  binder. 

At  the  half  of  the  first  discharge,  a  new  component  located  at 
684.3  eV  appears  on  the  FIs  core  peak  spectra  (Fig.  8a),  corre¬ 
sponding  to  the  deposition  of  NaF  at  the  electrode's  surface.  This 
observation  is  in  agreement  with  Baggetto  study  [40]  on  Sb  thin 
films  cycled  in  the  presence  of  FEC.  According  to  their  study,  these 
species  confer  desirable  properties  in  terms  of  lifetime  to  Na-ion 
batteries  cycled  with  this  additive.  This  species  is  formed  at  the 
beginning  of  the  discharge  and  does  not  seem  to  re-dissolve  during 
the  charge.  Fig.  8b  shows  the  XPS  Cl  2p  core  peak  spectra  of  the  Sb- 
PVdF  electrode,  which  indicates  a  partial  reduction  of  the  electro¬ 
lyte  salt  to  NaCl  and  NaClCU  at  the  electrode  surface.  A  part  of  this 
reduction  may  be  due  to  X-ray  beam  as  the  relative  intensity  of  the 
NaCl  component  increases  during  the  acquisition  of  the  XPS 
spectra.  This  reduction  of  the  salt  is,  however,  also  due  to  electro¬ 
chemical  processes  because  this  component  is  present  from  the 
start  of  the  XPS  acquisition. 

The  amount  of  NaC10x-type  compounds  remains  stable  during 
the  discharge  and  the  charge  (6-7%).  At  the  end  of  the  charge,  the 
amount  of  carbonates  and  of  compounds  with  a  -CO2  group 
slightly  decreases  in  favor  of  organic  species  with  C-C,  C-H  bonds 
(see  Table  3  in  supplementary  data).  Neither  the  active  material  nor 
the  carbonaceous  additives  are  detected  at  the  end  of  the  first 
charge,  meaning  that  they  are  covered  with  a  passivation  layer 
thicker  than  5  nm  (but  possibly  discontinuous  at  the  PVdF  binder). 

4.3.2.  Sb-CMC  vs  Na 

Figs.  9  and  10  show  the  XPS  Cl  2p,  F  Is,  Na  Is,  O  ls/Sb  3d  and  the 
valence  band  of  Sb  electrode  formulated  with  the  CMC  as  binder  and 
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Fig.  7.  a)  The  XPS  Ols  and  Sb  3d  core  peaks  and  b)  C  Is  core  peaks  spectra  of  the  Sb-PVdF  electrode  at  different  stages  of  the  first  cycle  vs  Na  (1/2D1, 2/3D1,  D1  and  Cl).  The  spectra 
of  the  reference  electrode  are  also  presented. 


L  Bodenes  et  al.  /  Journal  of  Power  Sources  273  (2015)  14—24 


21 


FIs 


Sb-PVdF  electrode 


%D1  -Sb-PVdF  vs  Na 


2/3  D1  -  Sb-PVdF  vs  Na 


D1- Sb-PVdF  vs  Na 


Cl -Sb-PVdF  vs  Na 


Binding  energy  (eV) 


CI2p 


Binding  energy  (eV) 


Fig.  8.  a)  The  XPS  FIs  core  peaks  and  b)  Cl  2p  core  peaks  spectra  of  the  Sb-PVdF  electrode  at  different  stages  of  the  first  cycle  vs  Na  (1/2D1,  2/3D1,  D1  and  Cl).  The  spectrum  of  the 
reference  electrode  is  also  presented. 


cycled  versus  sodium.  The  Sb  3d  core  peak  spectra  (Fig.  9a)  show,  as 
in  the  case  of  the  Sb-PVdF  system,  that  the  active  material  is  covered 
by  a  passivation  layer  from  the  half  of  the  first  discharge.  However, 
unlike  the  previous  system,  the  carbon  additive  (C  Is  core  peak)  and 
the  CMC  (Ols  core  peak)  are  no  longer  detected.  The  main  difference 
between  this  system  and  the  previous  one  is  the  detection,  at  the  end 
of  the  first  charge,  of  antimony  characteristic  peaks,  reflecting  a 
partial  re-dissolution  of  the  SEI  during  charging.  This  dissolution  is 
not  complete  because,  as  observed  in  Table  3b,  more  antimony  is 
measured  at  the  surface  of  the  starting  electrode  (1.9%)  compared 
with  the  end  of  the  charge  (1.2%).  The  characteristic  peak  of  carbon 
additives  is  also  detected  again  in  large  amounts  on  the  C  Is  core 
peak  spectra  at  the  end  of  the  charge. 


It  should  be  noted  that,  due  to  the  overlap  of  all  the  components 
in  O  Is  (Fig.  9a)  and  Na  Is  core  peaks  (Fig.  10c),  it  is  difficult  to 
obtain  an  accurate  quantification  of  all  the  species  in  the  SEI 
(  able  4  in  supplementary  data).  However,  being  given  the  global 
amounts  of  Na  and  the  shoulder  at  low  binding  energy  on  the  Na  1  s 
core  peaks  (for  1/2D1,  2/3D1  and  D1  samples),  we  can  suppose  that 
a  significant  amount  of  Na20  and  possibly  NaOH  is  formed  at  the 
electrode  surface  during  discharge.  These  species  would  dissolve 
during  the  charge,  leading  to  the  detection  of  NaF  (15%)  as  observed 
on  Fig.  10b.  This  phenomenon  is  similar  to  the  cycling  vs  Li,  but  with 
less  Na0H/Na20  formed  compared  to  LiOH/L^O. 

The  observation  of  the  Sb  3d  core  peak  also  provides  informa¬ 
tion  about  the  oxidation  state  of  antimony  at  the  end  of  charge: 


01s/Sb3d 


Valence  band  -  Sb4d,  Na2p 


Sb203 


Binding  energy  (eV) 


Sb-CMC  electrode 


V2  D1  -  $b-CMC  vs  Na 


2/3  D1  -  Sb-CMC  vs  Na 


D1  -  Sb-CMC  vs  NaC 


Cl -Sb-CMC  vs  Na 


Fig.  9.  a)  The  XPS  Ols  and  Sb  3d  core  peaks  and  b)  valence  band  of  the  Sb-CMC  electrode  at  different  stages  of  the  first  cycle  vs  Na  (1/2D1,  2/3D1,  D1  and  Cl).  The  spectra  of  the 
reference  electrode  are  also  presented. 
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Fig.  10.  a)  The  XPS  Cl  2p  core  peaks,  b)  F  Is  core  peaks  and  c)  Na  Is  core  peaks  spectra  of  the  Sb-CMC  electrode  at  different  stages  of  the  first  cycle  vs.  Na  (1/2D1,  2/3D1,  D1  and  Cl). 
The  spectrum  of  the  reference  electrode  is  also  presented. 


compared  with  Sb  3d  core  peak  of  the  reference  electrode,  the  two 
same  doublets  are  observed,  attributed  to  Sb°  and  to  Sb203.  How¬ 
ever,  the  ratio  between  the  two  species  is  different  as  Sb°  is 
detected  in  a  larger  amount  than  Sb203  ( Table  3b).  This  observation 
suggests  a  complete  conversion  of  Na3Sb  (formed  at  the  end  of  the 
discharge)  to  Sb°  during  the  charge. 

The  total  covering  of  the  active  material  by  the  passivation  layer 
during  discharge  does  not  allow  the  observation  by  XPS  of  the 
signature  neither  of  the  “expected”  amorphous  phase  NaxSb  during 
discharge  nor  of  the  Na3Sb  phase  at  the  end  of  the  discharge. 

In  agreement  with  the  literature,  in  the  case  of  Na-Sb/CMC  and 
Na-Sb/PVdF  systems,  the  SEI  formed  on  the  surface  of  the  anti¬ 
mony  electrodes  is  made  of  sodium  salt  (NaCICH)  and  its  degrada¬ 
tion  products  NaC103  and  NaCl  [41  .  We  also  noted  the  formation  of 
NaF,  due  to  the  presence  of  the  additive  FEC.  This  species  does  not 
re-dissolve  during  the  charge.  The  degradation  of  the  electrolyte 
solvents  also  results  in  the  formation  of  sodium  carbonate  Na2C03 
or  ROC02Na.  In  the  case  of  system  Na-Sb/CMC,  the  presence  of 
Na20  is  noted  at  the  surface  of  the  sample  at  the  half  of  the  first 
discharge.  It  is  consistent  with  the  use  of  water  during  the  formu¬ 
lation  of  an  electrode  with  CMC  binder. 

The  difference  between  the  Sb-CMC  and  the  Sb-PVdF  systems 
studied  versus  sodium  lies  rather  in  the  thickness  and  homogeneity 
of  the  SEI  formed  at  the  surface  of  the  electrodes  analyzed  by  XPS: 
in  both  cases,  the  passivation  layer  is  covering  the  active  material 
(Sb)  at  the  half  of  the  first  discharge.  While  the  binder  CMC  is  also 
covered  at  the  beginning  of  the  first  discharge,  the  PVdF  binder  is 
detected  throughout  cycling.  These  observations  suggest  the  for¬ 
mation  of  a  discontinuous  (inhomogeneous)  passivation  layer  in 
the  case  of  the  electrode  formulated  with  the  PVdF  as  binder. 

At  the  end  of  first  charge,  the  antimony  is  detected  by  XPS  at  the 
surface  of  the  Sb-CMC  electrode,  resulting  from  a  partial  re¬ 
dissolving  of  the  passivation  layer  during  charge  (dissolution  of 
Na20/NaOH).  Instead,  antimony  is  not  detected  at  the  surface  of  the 
Sb-PVdF  electrode  at  the  end  of  the  first  charge;  in  this  case  the 
passivation  layer  covering  the  active  material  still  has  a  thickness 
greater  than  5  nm. 

4.4.  Comparison  of  antimony  electrodes  cycled  versus  Li  or  Na 

4.4.1.  Comparison  Sb-PVdF  vs  Li/Sb-PVdF  vs  Na 

The  carbon  environments  detected  at  the  surface  of  the  various 
samples  analyzed  are  similar  and  characteristic  of  the  degradation 


of  the  electrolyte's  carbonate  solvents  used  (PC  in  the  case  of  so¬ 
dium,  PC:  EC:  DMC  mixture  in  the  case  of  lithium).  The  SEI  is  also 
composed  of  the  degradation  products  of  the  electrolyte  salt  in  both 
cases:  -  NaCICH  for  sodium  system,  leading  to  the  detection  of  the 
salt  itself  as  well  as  NaC103  and  NaCl;  -  LiPF6  for  lithium  system, 
leading  to  the  detection  of  the  salt,  phosphates  and  fluo- 
rophosphates  as  well  as  the  detection  of  LiF.  In  the  case  of  cycling  vs 
sodium,  the  FEC  additive  allows  the  formation  of  NaF  which  plays  a 
role  in  the  stabilization  of  the  passivation  layer.  The  active  material 
is  covered  with  a  SEI  layer  with  a  thickness  greater  than  5  nm 
throughout  cycling  in  both  cases. 

These  observations  are  in  agreement  with  the  low  performances 
in  cycling  and  with  the  higher  polarization  which  are  observed  for 
Sb-PVdF  in  Li  as  well  as  in  sodium  batteries. 

4.4.2.  Comparison  Sb-CMC  vs  Li/Sb-CMC  vs  Na 

While  the  passivation  layers  formed  at  the  Sb-PVdF  electrodes 
surface  are  comparable  between  Na  and  Li  systems,  significant 
differences  exist  (in  terms  of  chemical  nature)  for  the  SEI  formed  at 
the  surface  of  electrodes  formulated  with  the  Sb-CMC  cycles  versus 
Na,  compared  to  Sb-CMC  vs  Li. 


O  The  degradation  products  of  the  electrolyte  salt  (NaC104)  were 
detected  by  XPS  at  the  surface  of  the  electrodes  cycled  versus 
Na,  but  few  or  no  phosphorus/fluorinated  species  from  the 
degradation  of  the  LiPF6  salt  has  been  detected  at  the  surface  of 
the  electrode  cycled  in  Li  system.  These  results  are  in  agreement 
with  Komaba  studies  [4],  i.e.  a  more  significant  proportion  of 
inorganic  compounds  exists  at  the  surface  of  the  electrodes 
cycled  with  Na+,  whereas  the  SEI  of  the  electrodes  cycled  with 
Li+  are  mainly  formed  from  hydrocarbons  compounds. 

O  Little  amount  of  NaOH/Na20  has  also  been  detected  at  the  sur¬ 
face  of  the  electrodes  cycled  in  Na-ion  system  (despite  the 
presence  of  H2O  in  their  formulation).  In  this  case  the  passiv¬ 
ation  layer  is  also  formed  of  carbonated  species.  On  the  contrary, 
high  proportions  of  LiOH  and/or  L^O  were  measured  at  the 
surface  of  the  electrodes  in  Li-ion  system  (during  discharge). 

The  atomic  percentage  of  active  material  measured  by  XPS  at 
the  end  of  the  charge  also  provides  information  on  the  difference  in 
thickness  between  the  passivation  layers  at  the  end  of  discharge: 
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1.2  at.%  of  Sb  is  detected  by  XPS  for  the  Na-ion  system  and  only 
0.05%  for  the  Li-ion  system.  SEI  is  then  thicker  when  the  electrode  is 
cycled  versus  Li;  this  difference  in  the  thickness  of  the  SEI  between 
the  two  system  was  referred  in  the  literature  with  an  explanation 
that  the  potential  Na+/Na  is  higher  than  that  of  Li+/Li,  which  would 
imply  less  degradation  of  the  electrolyte  at  the  surface  of  the 
electrodes.  It  may  be  also  linked  to  the  dissolution  of  the  SEI  species 
which  is  more  pronounced  in  the  case  of  electrodes  cycled  versus 
sodium  during  the  charge  [41]. 

It  has  to  be  noted  that,  in  both  case  (vs  Li  or  Na),  the  use  of  CMC 
as  binder  leads  to  the  formation  of  a  passivation  layer  that  homo¬ 
geneously  covers  the  active  material  and  the  binder,  on  the  con¬ 
trary  of  the  PVdF  binder.  During  cycling  vs  Li  and  vs  Na,  less 
polarization  and  less  irreversible  are  measured  when  using  the 
CMC  binder  (compared  to  PVdF):  the  formation  of  a  homoge¬ 
neously  thick  SEI,  obtained  with  the  CMC  binder,  may  contribute  to 
obtain  better  electrochemical  performances.  In  the  case  of  cycling 
versus  lithium,  this  result  is  in  good  agreement  with  the  literature 
which  reports  the  reactivity  of  the  CMC  binder  toward  the  elec¬ 
trolyte  [33]  and  which  suggests  that  CMC  chains  can  bind  to  Si  via 
covalent  or  hydrogen  bonding  depending  of  the  pH  [42,43  . 

Less  irreversible  at  the  first  cycle  is  obtained  with  CMC  formu¬ 
lation,  especially  in  the  case  of  Na-system,  where  the  irreversible  is 
about  22%.  This  observation  can  be  correlated  to  the  XPS  analysis:  in 
the  case  of  Sb-CMC/Li,  the  Sb  3d  core  peak  corresponding  to  the 
antimony  oxide  (Sb203)  is  only  visible  for  the  reference  electrode.  It 
does  not  reappear  at  the  end  of  charge,  which  is  not  the  case  for  Sb- 
CMC/Na.  The  consumption  of  the  antimony  oxide  in  the  case  of  the 
Sb-CMC/Li  can  be  the  reason  of  this  higher  irreversible. 

Less  polarization  is  also  detected  for  Sb-CMC/Na.  This  result 
could  be  explained  by  the  formation  of  a  thinner  SEI  when  the 
formulation  with  CMC  is  used.  The  tail  observed  at  the  end  of  the 
charge  in  the  CMC-Li  system  confirms  that  the  decomposition  of  the 
electrolyte  also  plays  a  key  role  in  the  formation  of  the  SEI  and  is 
enhanced  in  the  working  potential  of  Li  batteries.  It  should  be 
noticed  that  the  layer  of  antimony  oxide  observed  by  XPS,  and  which 
is  not  completely  consumed  during  cycling,  could  limit  the  degra¬ 
dation  of  the  electrolyte  and  the  formation  of  the  passivation  layer. 

In  the  other  hand,  the  electrodes  formulated  with  PVdF  as 
binder  show  an  important  irreversible  at  the  first  cycle,  i.e.  43%  in 
the  Sb-PVdF/Na  system.  A  higher  polarization  is  also  observed  with 
this  latter.  This  phenomenon  can  be  explained  by  the  formation  of  a 
resistant  and  thicker  layer  at  the  surface  of  the  electrode.  From  XPS 
analysis,  this  layer  is  thicker  than  5  nm.  The  degradation  of  the 
electrolyte  is  more  pronounced  when  using  the  PVdF  binder, 
especially  in  the  Na-system.  The  rapid  increase  in  the  cumulative 
losses  during  cycling  in  the  Sb-CMC/Li  system  could  be  explained 
by  the  fact  that  more  SEI  is  formed  during  the  first  ten  cycles  and 
which  is  more  stable  in  the  following  cycles.  However,  in  the  case  of 
Sb-CMC/Na,  a  linear  increase  was  observed  from  the  first  cycles  and 
remains  linear  until  the  end  of  the  life  of  the  battery  (Fig.  2). 

5.  Conclusion 

In  this  work,  a  systematic  study  of  Sb  electrodes  cycled  versus  Li 
or  versus  Na  has  been  carried  out.  Two  electrode  formulations  have 
been  compared  in  order  to  investigate  the  role  of  the  binder  (CMC 
or  PVdF)  on  the  battery  performances.  XPS  studies  highlighted  the 
key  role  of  the  SEI  in  the  good  performances  of  Sb-CMC  vs  Na 
compared  to  the  other  systems:  thanks  to  the  formation  of  a 
thinner  passivation  layer,  a  smaller  quantity  of  Na  is  irreversibly 
trapped  leading  to  a  better  cyclability.  We  also  demonstrated  that 
the  choice  of  the  binder  affects  the  thickness  of  the  SEI,  which  is 
homogeneously  formed  on  the  active  material,  carbonaceous  ad¬ 
ditives  and  on  the  CMC  binder  but  not  on  the  PVdF  binder. 


Differences  in  the  chemical  composition  of  the  passivation  layer 
have  been  evidenced. 

This  work  brings  out  the  key-role  of  the  SEI  in  the  excellent 
performance  of  Sb  or  antimonides  materials  as  negative  electrodes 
in  Na.  These  results  show  that  a  great  effort  has  to  be  done  in  the 
direction  of  electrolyte  and  electrode  formulation  so  that  Na-ion 
batteries  become  a  reality. 
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